Abstract. Dissolution testing is an in vitro procedure which is widely used in quality control (QC) of solid oral dosage forms and, given that real biorelevant test conditions are applied, can also be used as a predictive tool for the in vivo performance of such formulations. However, if a dissolution method is intended to be used for such purposes, it has to deliver results that are only determined by the quality of the test product, but not by other variables. In the recent past, more and more questions were arising on how to address the effects of vibration on dissolution test results. The present study was performed to screen for the correlation of prednisone dissolution of USP Prednisone Tablets RS with vibration caused by a commercially available vibration source as well as to investigate how drug release from a range of immediate release formulations containing class 1-4 drugs of the biopharmaceutical classification scheme is affected by vibration when performing dissolution experiments at different agitation rates. Results of the present study show that the dissolution process of oral drug formulations can be affected by vibration. However, it also becomes clear that the degree of which a certain level of vibration impacts dissolution is strongly dependent on several factors such as drug properties, formulation parameters, and the design of the dissolution method. To ensure the establishment of robust and predictive dissolution test methods, the impact of variation should thus be considered in method design and validation.
INTRODUCTION
Dissolution testing is an in vitro procedure which is widely used in quality control (QC) of solid oral dosage forms and, given that real biorelevant test conditions are applied, can also be used as a predictive tool for the in vivo performance of such formulations. However, if a dissolution method is intended to be used for such purposes, it has to be robust, i.e., it has to deliver stable and reliable results that are only determined by the quality of the test product, but not by other variables such as for instance the condition of the dissolution apparatus, the lab environment, the operator of the instrument, or the day of the experiment. To ensure that the results of a dissolution experiment solely reflect the variability in product quality but not that of the test conditions, specific calibration procedures for dissolution apparatus have been established over the last decades. Nowadays, these procedures are receiving a great deal of attention [1] . Whereas there is a consensus in the need of a mechanical calibration procedure to confirm that the physical conditions of the test equipment are in agreement with the specifications made in the USP, there is an ongoing discussion on how to assess the impact of additional operational parameters such as degassing of the dissolution medium, dosage form placement in the dissolution vessel, use of different basket clips or sinker types, and incidental vibration [1] . The United States Pharmacopoeial Convention has established the performance verification test (PVT) to assess the assembly, analyst performance, and analytical procedures belonging to a dissolution experiment [2] . However, it is still not clear whether a simple experiment with formerly two and nowadays just one immediate release (IR) tablet formulation type(s) is appropriate to decide on the applicability of a dissolution test system in QC and/or formulation development. In addition to this, in the recent past, more and more questions were arising on how to address the effects of vibration on dissolution test results [3] [4] [5] [6] [7] . Vibration can result in the addition of energy to a system, e.g., a dissolution bath and can thus potentially alter the results of an experiment. In the USP therefore, the statement BNo part of the assembly, including the environment in which the assembly is placed, contributes significant motion, agitation, or vibration beyond that due to the smoothly rotating stirring element^ [5] can be found, but from this simple statement, it is not clear, what are critical vibration levels and how to assess them in calibration of the equipment and in routine dissolution testing.
As early as in the early 1970s, Beyer and Smith [8] had performed standardized studies in evaluating the impact of internal and external vibration on dissolution rates of tablets in the rotating basket system (USP apparatus 1) and also to check what was the principal source of vibration in these particular studies. It became clear that vibration can have a significant impact on dissolution results and that the effect of vibration is much more pronounced at low agitational rates. In the cited manuscript, data for just one tablet formulation (tolbutamide tablets USP) are presented. However, based on their observations, the authors conclude that when, e.g., plotting the time required for 50% of drug released/dissolved from a formulation versus the agitational rate in revolutions per minute (rpm) applied in the corresponding experiment, one will obtain plots that vary considerably from product to product and, to a lesser extent, from lot to lot of the same product. Therefore to their opinion, control of vibration might be more important for some products than for others, but definitely must be addressed when establishing dissolution specifications. Beyer and Smith further suggest two potential courses of action for this purpose which include (a) carefully controlling the vibration within a specified limit as defined by an objective test procedure or (b) reducing the vibration effects by selecting a sufficient agitation speed for the experiment.
In the following decades, several more case studies on the impact of vibration on dissolution test results were published. Embil and Torosian had studied vibration effects on drug release of enteric-coated aspirin tablets in the paddle apparatus [9] . Similar to Beyer and Smith, they observed a more pronounced vibration effect resulting in a decrease in dissolution times at low paddle speeds (50 rpm) which could be overcome by increasing the paddle speed to 200 rpm. In a collaborative study, in which seven laboratories participated, Kaniwa et al. tried to develop a dissolution standard for evaluating critical vibration levels in the rotating basket and the paddle apparatus run at 50 rpm [3] . Even though their approach was different from that applied in previous studies, they made the same observations, namely that at this low agitation speeds, a certain level of vibration can have a significant effect on the dissolution results.
Today, this means more than 30 years after the publication of results from the Beyer and Smith study, the discussion on how to assess vibration and how to overcome the problems that come along with internal and external vibration in a dissolution experiment is still ongoing. In the recent past, various activities were started (a) to better understand vibration, (b) to determine how and where to best measure vibration in a dissolution setup, and (c) to establish meaningful vibration limits for dissolution testing.
Due to the inability to properly measure vibration levels at the most relevant point of a dissolution apparatus which would be inside a dissolution vessel during operation, in recent studies, accelerometers/vibration meters were used to measure environmental and induced vibration at various locations of a dissolution instrument in the course of dissolution experiments with USP Prednisone Tablets RS [4, 5, [10] [11] [12] . In all of the cited studies, it became obvious that one of the biggest challenges is to determine the right location for recording vibration levels that are relevant to the dissolution process in the vessel. Moreover, results of the different studies are in good agreement since independent on the apparatus type used in the study, in all of the cited studies, the most pronounced vibration effect was seen in the prednisone experiments performed at 50 rpm. The latter observation is not surprising, since the USP Prednisone Tablets RS had been developed to detect operational sources of error that cannot be checked/adjusted in a mechanical calibration procedure. However, as stated before, beside vibration, these operational sources of error include also improper media degassing, vessels from different sources, irregularities on the inner surface of glass vessels, an inadequate or improper sampling procedure, etc. All these sources can impact both the amount of prednisone released and the variability observed in dissolved prednisone values [2] . Thus, the presence of significant vibration will become visible in the results of a PVT experiment. However, because of the multitude of parameters that can affect results of the PVT experiment, a non-conforming PVT result cannot necessarily be correlated with a particular source of error or a specific vibration level. Therefore, there is an ongoing discussion on how to measure vibration during a dissolution experiment and how to set acceptable vibration levels that constitute a suitable testing environment [5, 11] .
The present study was performed to screen for the correlation of prednisone dissolution of USP Prednisone Tablets RS with vibration caused by a commercially available vibration source as well as to investigate how drug release from a range of immediate release (IR) formulations containing class 1-4 drugs of the biopharmaceutical classification scheme (BCS) is affected by vibration when performing dissolution experiments at different agitation rates.
MATERIALS AND METHODS

Materials
The first set of experiments was performed with USP Prednisone Tablets RS 10 mg lot # P1I300. For the second set of experiments, IR tablets containing drugs that belong to different BCS classes [13] , i.e., metoprolol (BCS 1), indometacin (BCS 2), atenolol (BCS 3), and furosemide (BCS 4) [14] were selected as model formulations. The following marketed formulations were used: USP Prednisone Tablets RS 10 mg lot # P1I300 and USP Prednisone Reference Standard lot # O0G356 were purchased from USP Rockville, MD, USA. The different IR tablet formulations were obtained from a public pharmacy by prescription. All other reference standards and compounds were of analytical grade and purchased commercially.
Apparative Setup
Dissolution System
All experiments were performed with an USP Apparatus 2 (DT 600 HH, ERWEKA, Heusenstamm, Germany).
Vibration System
The vibration source was a Buttkicker™ Gamer (The Guitammer Company, Westerville, OH, USA) attached to the dissolution bath (Fig. 1) . Three single-axis accelerometers Model 2012-002 (Silicon Designs, Inc. Issaquah, WA, USA) were used to monitor vibration levels in three directions [12] . For this purpose, they were fastened to an aluminum cube (sensor block with a side length of 5 cm) and then placed onto one of the designated spots on the vessel plate ( Fig. 1 ) to measure the vibration along one of the three axes/directions (x, y, z). Double-sided tape was used to keep the aluminum cube in place over the entire experiment. Data acquisition took place via a National Instruments (NI) DAQ USB-321 interface and using LabVIEW (version 8.6, NI) software for monitoring the output of the accelerometers.
The reason for selecting this particular vibration source and accelerometer was to be able to compare study results of the present study with those resulting from a collaborative study on the effects of vibration on dissolution test results. Since in previous studies conducted at Washington University and in the Division of Pharmaceutical Analysis (DPA) laboratories at US FDA [10] [11] [12] a strong correlation between the amplitude of induced vibration and dissolution results was obtained with an USP apparatus 2 of a certain brand, DPA, representatives of USP and five different manufacturers of dissolution equipment had agreed to perform a collaborative study on the effects of vibration on dissolution test results. The objective of this study was to establish methodology for controlled (amplitude and frequency) generation of vibration, measurement of vibration at appropriate locations on the dissolution apparatus, and correlation of the measured vibration with dissolution results obtained with a variety of models of basket and paddle dissolution apparatuses from multiple manufacturers. For performing this study, the collaborators had agreed to follow the same study protocol, i.e., using the same set of accelerometers, the same vibration source, and to follow the same test procedure, i.e., the study protocol that had been drafted by DPA (DPA Study 06R-3) [12] , and the study was also intended to be performed with the USP Prednisone Calibrator Tablets. Unfortunately, since many of the manufacturers had dropped out for no significant reason, the study had never been completed. However, since our intention was to follow an official protocol and to compare results obtained with BCS class 1-4 formulations with those obtained with the USP Prednisone Calibrator Tablets, using the vibration system described in the draft study protocol was a good point to start.
Experimental Setup
Mechanical Calibration and Performance Verification Test
Before starting the vibration study, a mechanical calibration of the dissolution apparatus as well as a performance verification test (PVT) was performed according to the FDA Guidance for Industry on The Use of Mechanical Calibration of Dissolution Apparatus 1 and 2 [15] and the detailed description in the document BMechanical Qualification of Dissolution Apparatus 1 and 2^which is available on the FDA web s i t e ( h t t p : / / w w w.
The test parameters for the mechanical calibration included vessel and paddle dimensions, horizontality of the dissolution bath, shaft wobble, paddle verticality, vessel centering, vessel verticality, paddle depth, rotational speed, and temperature. A single-stage performance verification test (PVT) was performed for six positions as described in USP chapter <711> and the certificate coming along with the calibrator tablets. USP Prednisone Tablets RS 10 mg and USP Prednisone Reference Standard lot # P1I300 were used to perform the PVT. Since the instrument was dedicated to be used as a paddle apparatus, the PVT was only performed for the paddle mode.
Mapping Experiments
Before running release experiments, with the apparatus being in its operational position, i.e., the vessels filled with 500 mL of deaerated water kept at 37°C and the paddles running at 50 rpm, the resonance frequency of the apparatus was determined by placing the aluminum cube with the attached accelerometers at positions 1, 3, 5, 7, and 9 on the vessel plate (Fig. 1) and applying a frequency range of 10- 100 Hz at 10 Hz intervals. Subsequently, vibration distribution on the apparatus vessel plate was mapped at positions 1-9 to determine the most sensitive position at which to measure vibration in the dissolution experiments. For this purpose, three different levels of vibration ranging from slight to forced vibrations applied at the resonance frequency of the apparatus (vibration levels were adjusted by increasing the vibration input by one scale division per level on the Buttkicker™ Gamer control panel) were applied and acceleration (g RMS) was recorded in x, y, and z directions at the most sensitive position on the vessel plate.
Prednisone Experiments
All dissolution experiments with USP Prednisone Tablets RS were performed according to the cited collaborative study protocol designed to comply with the DPA's objective to better understand vibration: Experiments were performed in 500 mL of deionized water at 37°C. Before starting the vibration studies, baseline dissolution profiles were established at three paddles speeds (50/75/100 rpm) by performing dissolution tests (n=6 per paddle speed) under optimum conditions (properly deaerated media, no vibration). Samples (10 mL) were taken manually at 10, 20, 30, 60, and 90 min using a 10 mL glass syringe (Fortuna™ Optima™ Luer Lock, Wertheim, Germany), and the sampling volume was replaced with fresh medium. Subsequently, experiments were performed at three different levels of vibration ranging from slight to forced vibrations applied at the resonance frequency of the apparatus (vibration levels were adjusted by increasing the vibration input by one scale division per level on the Buttkicker™ Gamer control panel). Acceleration (g RMS), displacement (mil), and velocity (mm/s) were recorded in x, y, and z directions at the most sensitive position on the vessel plate. Following appropriate dilution, samples were analyzed at 242 nm using a UV spectrophotometer (U 2000, Hitachi Ltd., Tokyo, Japan) equipped with a 10-mm cuvette.
Finally, dissolution results were investigated for the impact of vibration on dissolution rates by correlating vibration levels, agitation rate, and the obtained dissolution profile.
Experiments with BCS Class 1-4 Formulations
All experiments with the four model formulations were performed in a media volume of 500 mL at 37±0.5°C. Simulated gastric fluid without pepsin (SGFsp) USP 35 pH 1.2 was used as the test medium for metoprolol, whereas simulated intestinal fluid without pancreatin (SIFsp) USP 35 pH 6.8 was used for indometacin, atenolol, and furosemide. Special attention was given to achieve sink conditions in all experiments. Sink conditions were defined as maintaining a volume of dissolution media that is at least five times greater than the volume at the saturation point of the drug contained in the drug delivery system being tested. Baseline dissolution profiles were established at three paddle speeds (50, 75, 100 rpm) by performing dissolution tests (n=6 per paddle speed) under optimum conditions (properly deaerated media, no vibration). Samples (5 mL) were removed at predetermined time points using a 5 mL glass syringe (Fortuna™ Optima™ Luer Lock, Wertheim, Germany), and the sampling volume was immediately replaced wit fresh medium. As in the prednisone experiments, in a next step, experiments were performed at three different levels of vibration (vibration levels were adjusted by increasing the vibration input by one scale division per level on the Buttkicker™ Gamer control panel) at the resonance frequency of the apparatus. Acceleration (g RMS), displacement (mil), and velocity (mm/s) were recorded in x, y, and z directions at the most sensitive position on the vessel plate. Following appropriate dilution, samples were analyzed at 270 nm (IbuHexal™ akut 200), 273 nm (Meprolol 100 and Juvental 100 mg), and 330 nm (Furosemid AL 40 mg) using a UV spectrophotometer (U 2000, Hitachi Ltd., Tokyo, Japan) equipped with a 10-mm cuvette. Finally, dissolution results were investigated for the impact of vibration on dissolution rates by correlating vibration levels, agitation rate, and the obtained dissolution profile.
RESULTS AND DISCUSSION
Mechanical Calibration and Performance Verification Test
Each vessel and each paddle conformed to the dimensions given in the USP General Chapter <711>. All other parameters were in accordance with USP requirements, and the equipment passed the mechanical calibration. Results from the PVT were as follows: The geometric mean (GM) of six vessels was 37.94% (limits, 25-41%) of the labeled amount of prednisone dissolved in 30 min at 50 rpm. The percent coefficient of variation (%CV) was 2.78 (limit: 6.8). As both GM and %CV were in the limits for USP Prednisone Tablets RS 10 mg lot # P1I300, the assembly passed the PVT.
Mapping Experiments
The resonance frequency of the apparatus measured was 50 Hz, and position 2 ( Fig. 1) was determined as the most Figure 2 shows drug release of USP Prednisone Tablets RS at paddle speeds of 50, 75, and 100 rpm under optimal test conditions (properly degassed deionized water and no external vibration caused) and at three different levels of vibration. Tables I and II The release profiles indicate that drug release from USP Prednisone Tablets RS was strongly affected by both vibration and agitation speed. Overall, in the present setup, the agitation speed seemed to have an even more pronounced impact on prednisone dissolution than has vibration. At the official agitation speed of 50 rpm even without any external vibration, a relatively high variability became obvious when comparing prednisone dissolution in the six different vessels. In all vessels, drug release was incomplete within the test duration of 90 min and the dissolution rate increased with increasing levels of vibration. At 50 rpm, also a clear coning effect could be observed. This was most pronounced in the baseline experiment where no external vibration was caused. Coning is often a source of high variation, and dissolution methods where coning can be observed have already proven to be sensitive toward vibration [11] . Results obtained at 75 rpm were still characterized by a high variability, but interestingly, dissolution rates did not proportionally increase with the vibration level. This observation was rather unexpected and at Tables I-II , both acceleration and displacement did not necessarily increase when increasing the vibration input by one-scale division per level which might possibly be the reason for these observations. The dissolution profiles resulting from the experiments performed at 100 rpm were almost superimposable, hardly affected by vibration, and drug release was complete within only 30 min. Overall, the results from this test series confirm that under certain test conditions, particularly those applied in the official PVT, USP Prednisone Tablets RS are applicable for detecting significant vibration. However, as can be seen in the profiles obtained at different agitation speeds and with different levels of vibration applied, alone with dissolution profiles obtained in a PVT, it will most likely not be possible to predict whether another dissolution method (e.g., an official dissolution method for a certain drug product) will be sensitive to the same level of vibration or not. Based on this consideration and as a first attempt to determine meaningful/critical vibration levels for other drug products, in the next step dissolution of a set of IR formulations containing compounds from different BCS classes was studied to screen if the observations made in the prednisone experiments would also be seen from other IR tablet formulations when using the same test settings.
Prednisone Experiments
Experiments with BCS Class 1-4 Formulations
Dissolution profiles obtained from the BCS class 1-4 formulations indicate that the different model formulations were sensitive toward vibration to a different extent (Figs. 3,  4 , 5, and 6). As in the prednisone test series, in most of the experiments, the agitation rate had a more significant impact on drug release than had vibration. This was particularly true for the experiments performed with the IR tablets containing the poorly soluble compounds indometacin (Fig. 4) and furosemide (Fig. 6 ). For these formulations, dissolution rate significantly increased with increasing agitation speed. Whereas at all paddle speeds, furosemide dissolution was complete within the set test duration, at a paddle speed of 50 rpm, indometacin release was much slower, and the total amount release after 30 min was almost 20% lower than at higher paddle speeds. Despite containing the highly soluble (BCS class 3) compound, atenolol also the dissolution rate of Juvental™ tablets increased with increasing agitation speeds. In contrast, Meprolol™, the IR formulation containing metoprolol showed very rapid release, i.e., ≥85% of the dose dissolved within ≤15 min and also no impact of vibration on drug release could be observed for this formulation.
Interestingly and as already observed in the prednisone experiments, dissolution rates often increased with increasing agitation speeds but did not necessarily proportionally increase with the vibration level, as can be seen for the dissolution of furosemide, a poorly soluble compound at 75 rpm (Fig. 6) . Also, the impact of coning (which is typically a result of a rather poor dissolution test design) on the variability of the dissolution results was confirmed as can, for instance, be seen in the dissolution results of atenolol, a highly soluble compound being formulated into a poorly disintegrating dosage form, where the excipients cause a coning effect in the experiments performed at 50 rpm (Fig. 5) .
Results of the present vibration study are in good agreement with the conclusions made by Beyer and Smith [8] . They clearly show that vibration can have a significant impact on dissolution results. In accordance with the Beyer and Smith study, the effect of vibration was often more pronounced at low agitation rates. Results also indicate that the sensitivity of the dissolution process of drug formulations toward operational parameters such as vibration varies considerably from product to product, that control of vibration is more important for some products than for others but definitely must be addressed when establishing dissolution specifications.
Based on this, it should be clear that critical vibration levels and vibration limits cannot be determined by simply screening vibration effects on dissolution of just one single drug formulation. Rather than this, an appropriate set of formulations which are supposed to be sensitive to the applied vibration would be required or vibration would need to be properly monitored in every single dissolution experiment. The set of formulations screened in the present series of experiments, however, can only present a starting point. In this first series of experiments, rapidly releasing formulations were examined. However, such formulations are often not as sensitive toward disturbances (e.g., vibrations) within a dissolution experiment as are formulations that dissolve over a longer time period (formulations that are poorly soluble, modified release formulations, etc.). For this reason, in a next step, formulations with longer overall dissolution times should also be screened at different vibration levels. Moreover, in future experiments, several other important questions would need to be addressed. These include the questions on how and at which location on different apparatus or in the dissolution lab representative vibration levels can or should be measured, what are typical vibration levels in a dissolution lab, how to potentially implement vibration measurements into the mechanical calibration procedure, and, finally, if provided that similar vibration levels are measured in different lab environments or on different dissolution apparatus for a given product similar dissolution profiles will be obtained when applying an official QC method.
CONCLUSION
Results of the present study show that the dissolution process of oral drug formulations can be affected by vibration. However, it also becomes clear that the degree to which a certain level of vibration impacts dissolution is strongly dependent on several factors such as drug properties, formulation parameters, and the design of the dissolution method. To ensure the establishment of robust and predictive dissolution test methods, the impact of variation should thus be considered in method design and validation. However, as it is obvious that until now the impact of vibration on dissolution results is not clearly understood, more studies will be required to better understand typical vibration levels that can arise in an analytical laboratory environment, how and where to really measure vibration during a dissolution experiment, how to standardize vibration measurement, and how to implement vibration screening into method validation and/or routine dissolution testing.
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